1.. Introduction
================

Thin alumina membranes containing cylindrical pores with diameters in the nanometer region have been utilized as sensor components in a wide variety of applications \[[@b1-sensors-07-02942]-[@b2-sensors-07-02942]\]. These films are synthesized via the electrochemical oxidation of thin aluminum foil in an anodization method that can be tailored to generate pore diameters of a chosen size. These porous alumina membranes can be used without modification as a size-selective separation filter and they are sold commercially for this purpose specifically. However, these porous membranes can be utilized in many ways to build on their native size-selective functionality. The Martin group developed the template method \[[@b3-sensors-07-02942]\] which involves synthesizing nano-sized materials directly within the pores of another material. The porous alumina membrane serves as a solid support and as a foundation to build nanotubes and nanowires of many different compositions with uniform characteristics such as length and diameter. For example, carbon nanotubes have been grown within porous alumina membranes via a carbon vapor deposition process \[[@b4-sensors-07-02942]-[@b6-sensors-07-02942]\], while researchers have recently synthesized aligned liquid crystalline nanowires using these membranes \[[@b7-sensors-07-02942]\].

Several reports have examined silica nanotubes that were produced via the template method \[[@b8-sensors-07-02942]-[@b11-sensors-07-02942]\]. These silica nanotubes are grown within the pores of alumina membranes using a sol-gel method \[[@b12-sensors-07-02942]-[@b13-sensors-07-02942]\] utilizing pure ethanol, tetraethyl orthosilicate and hydrochloric acid. An attractive feature of these nanotubes is silanol (Si-OH) groups present on all of the inner and outer surfaces of the nanotube. Indeed, many researchers have successfully attached hydrophobic, hydrophilic, fluorescent, and antibody molecules to these surfaces via this silanol group \[[@b8-sensors-07-02942]-[@b11-sensors-07-02942]\]. For example, Lee and co-workers added hydrophobic octadecyltrimethoxysilane to the interior of 200nm diameter silica nanotubes and then filled them with fluorescent tags (DiIC~18~) using sonication \[[@b9-sensors-07-02942]\], which yielded modified nanotubes that were imaged using a fluorescent microscope. Another study functionalized the silica nanotubes with an aldehyde-terminated silane, which then served as a coupling agent with amino sites on an antibody \[[@b10-sensors-07-02942]\]. Modified silica nanotubes have also been utilized in novel microarrays with excellent specificity \[[@b11-sensors-07-02942]\].

While many research groups are utilizing porous alumina membranes as templates for generating nanostructures, these membranes can be used directly in sensor applications. The hydroxyl groups on the alumina surfaces are amenable to further functionalization in much the same way as the silanol groups in the aforementioned examples. One of the first published reports involved attaching octadecyltrimethoxysilane groups to the inner surfaces of a porous alumina membrane \[[@b14-sensors-07-02942]\]. These C~18~-modified membranes were rendered hydrophobic and the amount of transport of ions through the membrane decreased dramatically. Furthermore, the pores of these membranes could be "re-opened" via the addition of an appropriate length surfactant, which permitted the transport of ions again. This behavior was likened to ligand gated ion-channels that function in either an "on" or "off" stage in response to the presence of very particular molecules. Recently, Smirnov and co-workers detected and separated DNA fragments with nanoporous alumina membranes that had single-strands of DNA immobilized within the pores using an amino-terminated silane as a linker \[[@b15-sensors-07-02942]-[@b16-sensors-07-02942]\].

Researchers have also examined some of the fundamental characteristics of C~18~-modified porous alumina membranes with regard to electrical, wetting, and molecular transport properties \[[@b17-sensors-07-02942]-[@b21-sensors-07-02942]\]. Applied current, electrolyte ionic strength, and solution pH were varied to determine the impact on electroosomotic flow through the nanopores and the native stability of the Al-O-Si bond \[[@b17-sensors-07-02942]-[@b19-sensors-07-02942]\]. Odom et al. elucidated a transport mechanism of neutral molecules through the hydrophobic nanopores based on Langmuir-type adsorption onto the C~18~ layers and subsequent solid-state diffusion along these layers \[[@b20-sensors-07-02942]\]. Using a homologous series of permeant molecules, the transport rate across the membrane correlated to the hydrophobicity of the molecule. Ku and co-workers examined the nature of electrical conductivity across the C~18~-modified membranes \[[@b21-sensors-07-02942]\]. They concluded that even though these nanopores were filled with air (due to the presence of the hydrophobic alkylsilane), electrical conduction was still possible through a small amount of "hydrophilically defective" pores, which they confirmed using AC impedance spectroscopy and ^29^Si NMR \[[@b21-sensors-07-02942]\].

In this preliminary work, we examine methods of detecting molecular transport through modified porous alumina membranes, along with characterization studies. Membranes modified with either isobutyltrimethoxysilane or octadecyltrimethoxylsilane demonstrate significantly decreased ion transport which can be altered via the addition of an appropriate surfactant. Initial studies demonstrate that the utilization of fluorescent spectroscopy provides a more sensitive method for measuring molecular transport through the modified membranes. The presence of alkylsilanes to the surfaces was confirmed via infrared spectroscopy experiments, while scanning electron microscopy images visualize the surface and cross-section of the porous membranes.

2.. Results and Discussion
==========================

Alumina membranes can be modified by the addition of trimethoxysilane derivatives to form a strong Al--O--Si bond (see Experimental section 4.2 for details on the attachment method). Wide assortments of substituted trimethoxysilanes are available commercially for use in these experiments. Our initial experiments examined four separate groups (see [Figure 1](#f1-sensors-07-02942){ref-type="fig"} for structures): a short alkyl chain (isobutyltrimethoxysilane, IBTMS), a long alkyl chain (octadecyltrimethoxysilane, ODTMS), an amino-terminated group (3-aminopropyl(trimethoxysilane), AMPTMS), and an aldehyde-terminated group (3-(trimethoxysilyl)propyl aldehyde, ALDTMS). The alkyl trimethoxysilanes were studied for their ability to change the hydrophobicity of the nanopores, and the amino and aldehyde-terminated silanes as groups that could serve as points of further attachment in future experiments.

2.1.. Transport across modified porous alumina membranes
--------------------------------------------------------

To quantify the molecular transport rate through these porous membranes, a U-tube configuration was constructed (see Experimental section 4.3 for specific details). As molecules traveled through the porous membrane and arrived in the permeant half-cell, the concentration of these molecules was measured via simple ultraviolet-visible absorbance spectroscopy at the proper wavelength of light. Indeed, the rate of transfer (absorbance vs. time) of the permeant ion naphthalene disulfonate (NDS^2-^, see [Figure 1](#f1-sensors-07-02942){ref-type="fig"} for structure) was linear for the unmodified and alkyl trimethoxysilane-treated membranes. By correlating with Beer\'s Law plots, these absorbance values were converted to units of molarity and, by nature of a fixed volume, to moles of permeant ion transported. As shown in [Table 1](#t1-sensors-07-02942){ref-type="table"}, the rate of transport decreased significantly when IBTMS or OBTMS was attached to the porous alumina membranes. In previous work, it was hypothesized that the hydrophobic nature of the attached alkyltrimethoxysilanes made the nanopores significantly more hydrophobic \[[@b14-sensors-07-02942]\], as determined by AC impedance and ion current studies.

Furthermore, these hydrophobic membranes are also affected by species that may present within the permeant and feed solutions. The ionic surfactant dodecylbenzene sulfonate (DBS, see [Figure 1](#f1-sensors-07-02942){ref-type="fig"} for structure) has been shown previously to affect the transport properties porous alumina membranes made hydrophobic by alkyltrimethoxysilanes \[[@b14-sensors-07-02942]\]. The dodecyl group on the DBS molecule can interact with the alkyl chain on the silane, which in turn decreases the local effect of the hydrophobic alkyl chain on the nanopore. Indeed, this effect was likened to switching the nanotube from an "off" state to an "on" state \[[@b14-sensors-07-02942]\]. In this work, two different molar concentrations of DBS were added to IBTMS and OBTMS-treated membranes and the transport rate of NDS^2-^ was recorded. While the presence of 0.1 mM and 0.2 mM DBS did not restore the transport rates to the level demonstrated by the unmodified membrane, modest improvements in transport were observed (see [Table 1](#t1-sensors-07-02942){ref-type="table"}).

In order to improve the sensitivity of the measuring technique, molecular fluorescence spectrometry was utilized. For these experiments, the permeant ion was changed to fluorescein, which has a large quantum yield when present as a doubly charged anion in moderately basic pH solutions. The transport of 50 μM fluorescein through an unmodified membrane is depicted in [Figure 2](#f2-sensors-07-02942){ref-type="fig"}. Indeed, the transport rate is linear with time and can be converted to a unit of moles per second using an appropriate calibration curve. While this method is only feasible for permeant molecules with appreciable quantum efficiency, the native sensitivity advantages of fluorescence over absorption spectrometry permits improved detection of molecular transport. For example, when transport of 50 μM fluorescein through a porous alumina membrane modified with aminopropyl(trimethoxysilane) was measured, detection in the nanomolar concentration range was observed within one hour (data not shown).

One of the disadvantages to monitoring with absorbance and fluorescence spectrometry is the need to periodically remove aliquots from the permeant half-cell to place within the corresponding instrument for analysis. Possibilities for monitoring molecular transport include direct or "real-time" measurements such as potentiometric ion-selective electrodes and fiber-optic spectrometric probes. The instruments in these techniques could be inserted directly into the permeant half-cell to constantly measure and record increases in permeant concentration with a computer-controlled data acquisition system. Experiments utilizing these techniques are currently in progress in our laboratory.

2.2.. Characterization of modified porous alumina membranes
-----------------------------------------------------------

One of the first basic methods of confirming the attachment of trimethoxysilanes to the porous alumina membrane is visual inspection of water drops on the membrane surface. The unmodified hydrophilic membranes adsorb water readily, while water droplets form on the surface on membranes treated with substituted trimethoxysilanes. Infrared (IR) absorption spectrometry is traditionally utilized as a qualitative technique for structure determination. The porous alumina membranes utilized in this study are optically transparent and can be examined in the infrared region of the wavelength spectrum without significant mechanical manipulations. By using the unmodified membranes as a means of comparison, the spectra of modified porous alumina membranes can be analyzed. Infrared spectra of unmodified, IBTMS, and ODTMS-treated porous alumina membranes are depicted in [Figure 3](#f3-sensors-07-02942){ref-type="fig"}. The useful IR range of alumina is from 50,000 to 1,250 cm^-1^, which precludes the measurement of Al-O-Si and Si-O-Si bonds at 963 and 1000 cm^-1^, respectively \[[@b22-sensors-07-02942]\]. The broad peak around 3,500 cm^-1^ is due to the presence of O-H bonds and adsorbed moisture at the alumina surface, while the intense peaks from 1,250 to 1,650 cm^-1^ can be attributed to the adsorption of CO~2~ on the membrane \[[@b23-sensors-07-02942]\].

The IR spectra of the IBTMS and ODTMS-treated membranes ([Figure 3](#f3-sensors-07-02942){ref-type="fig"}, inset) have several small bands from 2,800 to 3,000 cm^-1^ that are not present on the spectrum of the untreated membrane. The peaks at 2855, 2924, and 2961 cm^-1^ have been previously assigned to symmetric \[ν~s~(CH~2~)\], antisymmetric \[ν~a~(CH~2~)\], and antisymmetric \[ν~a~(CH~3~)\] bands, respectively, when characterizing ODTMS and octadecyltrichlorosilane monolayers on silicon wafers \[[@b24-sensors-07-02942]\]. The membrane treated with octadecyltrimethoxysilane has stronger peaks in this region as compared to isobutyltrimethoxysilane-treated membranes having many less carbons in the alkyl chain.

Furthermore, infrared spectroscopy can be utilized to examine the reusability of these modified porous alumina membranes. Typically, after each transport experiment, the membrane unit is rinsed several times with absolute ethanol and dried in an 80 °C oven for 3-4 minutes to remove the ethanol. The rinsing process removes any permeant molecule or surfactant that might be present on the surface or inside the nanopores of the membrane. The effectiveness of this rinsing can be monitored by comparing the IR spectrum of the membrane before and after rinsing, while paying special attention to regions of the IR spectrum where the permeant ion or surfactant would be expected to appear. The rinsing procedure does not remove the alkyltrimethoxysilanes, as the three distinctive bands from 2,800 to 3,000 cm^-1^ are always observed, even after several consecutive trials and rinses (data not shown).

Another available method of membrane characterization is scanning electron microscopy (SEM). This imaging method can be utilized to determine whether the attachment of substituted silanes to porous alumina membranes alters any of the physical dimensions of the membrane. For this study, a series of unmodified and modified alumina membranes were examined with surface and cross-section SEM imaging. As shown in [Figure 4](#f4-sensors-07-02942){ref-type="fig"}, an alumina membrane treated with an aldehyde-terminated trimethoxysilane (ALDTMS) has uniformly sized pores with diameters of ∼200nm. A cross-section view of an amino-terminated trimethoxysilane (AMPTMS)-treated ([Figure 5](#f5-sensors-07-02942){ref-type="fig"}) confirms the thickness (60 μm) of the membrane and the straight nanopores that pass through the entirety of the membrane. In order to obtain the cross-section image, the extremely brittle alumina membrane had to be cut and some evidence of the cut (broken nanotubes and small particulate) is evident. Images of unmodified alumina membranes, both surface and cross-section, are nearly identical to the silane-treated membranes. The presence of the silane modifier does not appear to impact the physical parameters of the nanopore (i.e. closing off or capping the nanopore).

3.. Conclusions
===============

This work examines a variety of spectroscopic methods to detect transport through modified porous alumina membranes. Detection utilizing molecular absorbance can be applied to determine transport rates using common and inexpensive instrumentation. In comparison, fluorescence detection has more limited applicability but offers significantly improved sensitivity. The modified alumina membranes were examined via infrared spectroscopy in order to confirm the attachment of the alkyl trimethoxysilanes. Scanning electron microscopy imaging demonstrates that the diameters of nanopores are not significantly changed by the presence of the silane modifiers. Further experimentation will focus on employing these traditional techniques to examine the transport properties of modified porous alumina membranes in order to achieve unique separations and improved sensor applicability.

Practical applications of these modified nanomembranes as sensors could include a combination of selectivity based on molecular size, selectivity based on hydrophobic and hydrophilic properties, and sensitive detection via absorbance or fluorescence spectroscopy. Future experiments will focus on determining whether sensors developed with these modified nanomembranes can accurately calculate the concentration of a single analyte species within a complex mixture. Infrared spectroscopy and surface microscopy techniques will be utilized to confirm the modification of the alumina membranes with variable-substituted trimethoxysilanes.

4.. Experimental Section
========================

4.1.. Materials
---------------

Octadecyltrimethoxysilane, isobutyltrimethoxysilane, 3-aminopropyl(trimethoxysilane), sodium dodecylbenzenesulfonate, naphthalene disulfonate, and fluorescein were obtained from Aldrich and used as received. 3-(trimethoxysilyl)propyl aldehyde was obtained from United Chemical Technologies (Bristol, PA). Anopore^®^ Anodisc 47 filters made of 60 μm thick alumina membranes with 200 nm diameter pores were obtained from Whatman (Maidstone, England).

4.2.. Preparation of modified porous alumina membranes
------------------------------------------------------

Following a prior method \[[@b14-sensors-07-02942]\], a 5% (v/v) solution of a trimethoxysilane was prepared in pure ethanol. The solution was mixed with a 0.1M acetate buffer (pH = 5.1) to make a 5% (v/v) solution in the buffer. This solution was stirred mechanically for 5 min, and then an alumina membrane was added. After 2 h of soaking, the membrane was removed from the mixture, rinsed with pure ethanol several times, and then cured in a 150 °C oven for 20 min. Membranes described as "unmodified" were treated by the same method (soaking, rinsing, and curing), with the only difference being the lack of trimethoxysilane/ethanol in the soaking solution.

The membrane assembly used in the transport experiments consists of 2 pieces of fiberglass (37mm by 37mm squares) with 12mm diameter holes in the center. There were also 2 cut pieces of Parafilm (25mm by 25mm squares) with 6 mm diameter holes punched through the center. Sections of the treated alumina membranes were carefully cut from the brittle parent membrane and placed between the 2 Parafilm squares, which was then placed between the 2 fiberglass squares. The entire membrane assembly was placed in an 80 °C oven for less than 10 min to allow the Parafilm to melt and seal the entire assembly together.

4.3.. Transport cell and measurements
-------------------------------------

A custom-designed U-tube permeation assembly was constructed by Ace Glass (Vineland, NJ). Each half-cell of the U-tube could accommodate a maximum volume of 20 mL. The membrane assembly described in the previous section was placed between the 2 U-tube half-cells and clamped in place. The half-cells were designated as either feed or permeant, with the only transport possible through a 0.28 cm^2^ area of porous alumina membrane (defined by the size of the hole in the parafilm). For transport experiments, aliquots of sample from the permeant half-cell were removed periodically, examined with the appropriate instrument, and returned to the permeant half-cell.

For the ultraviolet absorbance experiments, 50 μM of naphthalene disulfonate (NDS^2-^) was added to the feed half-cell of the U-tube assembly. The transport of this anion through the membrane was monitored using a Hitachi U-2001 spectrophotometer set at 286 nm. When the surfactant dodecyl benzenesulfonate (DBS) was used as a modify transport, it was added to both half-cells at a fixed concentration (either 0.1 or 0.2 mM).

For examining transport via fluorescence spectroscopy, 50 μM of fluorescein in 0.05M phosphate buffer (pH = 9.0) was added to the feed half-cell. The phosphate buffer was also placed in the permeant half-cell. Using a Shimadzu RF-5301 PC spectrofluorimeter set at an excitation wavelength of 489nm, fluorescent intensity was measured from 480 to 550 nm.

4.4.. Membrane characterization
-------------------------------

Infrared spectra were obtained in the range 500-4000 cm^-1^ using a FT-IR Nicolet Magna 550 spectrometer, equipped with OMNIC software. Scanning electron microscopy (SEM) images were acquired using a JEOL JSM-6360LV (JEOL USA Inc., Peabody, MA) instrument with an accelerating voltage of 10 or 15 kV.
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###### 

Transport rates of NDS^2-^ through modified porous alumina membranes as determined by ultraviolet-visible absorption spectrometry.

  **Membrane modifier**          **Surfactant concentration**   **Transport rate (moles / s)**
  ------------------------------ ------------------------------ --------------------------------
  No modifier (blank membrane)   \--                            1.22 7× 10^-10^
  IBTMS                          \--                            9.74 × 10^-12^
  IBTMS                          0.1 mM DBS                     3.61 × 10^-11^
  IBTMS                          0.2 mM DBS                     4.74 × 10^-11^
  ODTMS                          \--                            1.28 × 10^-12^
  ODTMS                          0.1 mM DBS                     2.34 × 10^-11^
  ODTMS                          0.2 mM DBS                     2.56 × 10^-11^
